Background: Central nervous system lymphomas (CNSL) is a devastating disease. Currently, a confirmatory biopsy is required prior to treatment.
Background
Central nervous system lymphoma (CNSL) is a rare entity among intracranial neoplasms, comprising only 4% of all intracranial tumors [1] . Thus its verification is essential prior to initiation of an aggressive treatment varying from the one for its differentials (e.g. metastasis, glioma) [1, 2] . Needle biopsy remains the gold standard with a diagnostic accuracy of 73-97% and a considerable procedural morbidity (≤16.1%) and mortality (≤3.9%), requiring re-operations in selected cases [3] .
Lately, circulating free DNA (cfDNA) has been increasingly investigated for its utilization in tumor-diagnosis and surveillance [4] [5] [6] [7] [8] [9] , thereby the tumor-specific fraction of cfDNA is referred to as circulating tumor DNA (ctDNA). In primary brain tumors, several molecular markers and circulating proteins have been identified using peripheral blood samples [10] [11] [12] . Nonetheless, the plasma may not be optimal for detection of ctDNA from CNS-tumors due to the blood brain barrier [10, 13] .
We investigated the feasibility of molecular characterization of CNSL based on tissue samples applying next-generation sequencing (NGS) and detection of specific mutations in the periphery analyzing ctDNA from plasma and cerebrospinal fluid (CSF), which could aid in treatment surveillance and compilation of personalized treatment plans.
Methods

Patient selection
Patients with suspected CNSL, scheduled for a biopsy at our neurosurgical department, were evaluated for eligibility prior to initiation of the mandatory diagnostic workup. Inclusion criteria were 1) suspected CNSL based on clinical presentation and cranial imaging (CT and/or MRI), 2) no contraindications to surgery, 3) age ≥ 18 years 4) written informed consent by patient or legally competent next of kin.
Tissue biopsy and postoperative care
Tissue biopsies were taken from patients with suspected CNSL according to local standard on surgeon's preference (n = 2 open biopsy, n = 4 stereotactic). For a stereotactic biopsy, all patients received a preoperative contrast-enhanced cranial CT with the Leksell frame (Elekta AB, Stockholm, Sweden) in place. The CT was then transferred to a BrainLab working station (BrainLab AG, München, Germany) to plan the optimal trajectory (patients #1,2,3,5) while the patient was transferred to the OR and prepped for surgery. Per patient 8-12 cylinders of tumor tissue were taken. Open biopsy was performed navigation-assisted (BrainLab) through a 2 × 3 cm craniotomy in patient #4 because of the possible differential diagnosis of a glioblastoma with the option of tumor resection during the same surgery (lymphoma confirmed during intraoperative frozen section analysis, termination of surgery) and in patient #6 because of a superficial lesion affecting cortex (hypervascularity) and meninges (thickened, contrast-enhancing). An approximately 1cm 3 specimen was taken per patient.
According to local standards, all patients undergoing stereotactic biopsy were postoperatively monitored for 2-4 h in the recovery room and then transferred back to their previous ward, if neurologically stable. Otherwise further imaging (CT) and/or transfer to an intermediate care unit (IMC)/intensive care unit (ICU), as appropriate, was initiated. Cranial CT scans were performed on postoperative day 1. Patients undergoing open biopsy were monitored in the ICU for the first 24 h postoperatively and then transferred back to their previous ward after having received a routine postoperative cranial imaging (CT / MRI) without signs of complication. If neurological deficits became apparent during monitoring in the ICU prompt imaging was initiated.
Once tissue biopsy was completed, all patients received high dose steroids (12 mg/day, single dose in the morning). The anesthesiologist gave the first dose intra-operatively, irrespective of daytime. After 2-4 days in the neurosurgical unit, patients were transferred to hematology/oncology for further treatment once histopathology reports returned.
Assessment of somatic variants in tumor/control tissue
The routine pathological evaluation was performed on the biopsied tissue and a small sample was sent for genetic analysis (requirements: 1 μg input DNA). EDTA blood, taken during routine preoperative workup, served as reference tissue.
Genomic DNA from tumor and reference tissue was extracted using the QIAamp DNA Blood Mini Kit (Qiagen GmbH, Hilden/Germany). Somatic variants were detected by next-generation sequencing (TUM01 somatic-tumor-panel (649 genes, 28 specific translocations, CeGaT, Tübingen/Germany, complete gene list see Additional file 1: section 1).
cfDNA analyses
As part of the routine workup for CNLS, all patients underwent a lumbar puncture to rule out infectious or autoimmunologic disease and for pathologic as well as cytologic evaluation. 1-4 ml of remaining CSF were collected in cfDNA-BCT®-Tubes (Streck, Omaha, NE/ USA) for dPCR. At the time of lumbar puncture a second blood sample was drawn (cfDNA-BCT®-Tubes, Streck, Omaha, NE/USA) to ensure comparability between plasma and CSF, since tumor tissue does not break down continuously. On the same day, the cellular fraction was removed by centrifugation (10 min at 1900 g and 4°C). A subsequent, second centrifugation was performed at 16,000 g and 4°C to remove any remaining cellular debris. The isolated plasma and CSF samples were stored at − 80°C till further processing. The extraction of cfDNA from plasma and CSF was first performed using the Polymer Mediated Enrichment (PME) free circulating DNA Extraction Kit (Analytik Jena, Germany), but was replaced with the QIAamp Circulating Nucleic Acid Kit (Qiagen GmbH, Hilden, Germany), due to unsatisfactory results and based on general experience in our laboratory. Isolated cfDNA was stored at − 20°C until analysis.
From the detected somatic mutations within the tumor tissue (NGS), one missense variant was selected (the one with the highest mutant allele frequency (MAF), phylogenetically older, possible driver mutation) followed by assaying its presence in plasma-and CSF-cfDNA using individually designed duplex-TaqMan assays (ThermoFisher Scientific, Waltham, MA, USA) and digital PCR (dPCR) (BioRad QX200 Bio-Rad Laboratories, Hercules, CA/ USA). Specificity of the primers' and probes' sequences was manually checked by the authors (MF, DD) with the Basic Local Alignment Search Tool (BLAST, NCBI, with both GRCh37/38 reference) (for sequences see Additional file 1: section 2). dPCR was chosen, because it generally allows the detection of very low allele frequencies down to < 0.01%, depending on input cfDNA amount. Further details about dPCR, including statistical interpretation, are outlined in the Additional files (Additional file 1: section 3, Additional file 2: Figure S1 , Additional file 3: Figure S2 ). Figure 1 outlines the study design.
Statistics
Based on the results of this investigation we performed a sample size analysis to guide future investigations evaluating concentration of cfDNA and tumor content in different samples (R 3.4.4 (R core Team (2018). R Foundation for Statistical Computing, Vienna, Austria). To lower the likelihood of type I error α was set at 0.001 and β at 0.004 (four-fold α) yielding a power of 0.996 [14] [15] [16] [17] . 
Ethics approval and consent to participate
This study was approved by the local ethics committee (Ethikkommission der Landesärztekammer Baden-Würt-temberg, F-2010-030) and undertaken in accordance with national law, institutional ethical standards, and the Helsinki Declaration. Written informed consent was provided either by the patient or a legally competent next of kin prior to the first study specific intervention.
Results
Patients and tumors
Six patients were recruited to test the feasibility of the applied techniques in patients with a central nervous system malignancy (mean age: 66.8 years, all female). Patient characteristics are displayed in Table 1 .
Representative images of the respective tumors are shown in Figs. 2 (patients #1 & #2) and 3 (patients #3-6), illustrating their location within the CNS and contact to the CSF space. CNSL was chosen because of routine necessity for lumbar puncture, for ethical reasons no study specific lumbar punctures were performed.
Pathology CNSL was confirmed in 5 patients (83.3%) with identical pathologic diagnosis and microscopic appearance. Patient #6, who had a history of peripheral lymphoma, was found to have non-malignant hypervascularity of unknown significance. Routine microscopic evaluation of CSF revealed tumor cells in 2 samples (n = 2/5, 40% of confirmed CNSL).
Next-generation sequencing analysis of tumor tissue and individual mutation pattern
Somatic mutations were found in all 5 CNSL-samples (sensitivity: 100%). No mutation was detected in tissue sample #6 (specificity: 100%).
Tumors #1, 3-5 demonstrated a high mutational load yielding mutations in some of the most commonly affected genes in lymphomas (TP53, ATM, KMT2D, STAT3, PAX5, CREBBP, CARD11) [18] (Tables 2, 3 , Fig. 4 ; Additional file 1: section 4 -complete list of mutations).
PIM1 and MYD88 were altered in each lymphoma. MYD88 is the most frequently somatically mutated gene in brain lymphomas [18] . PIM1 is expressed primarily in B-lymphoid and myeloid cell lines and is overexpressed in hematopoietic malignancies [18, 19] . The analysis of tumor #2 revealed just one mutation (MDM2), seen in this one only. In contrast to the other samples, the harboring patient was HIV+ with serologic evidence of an EBV-infection, a known cause of Burkitt-lymphomas, which frequently harbor mutations in the ARF/ MDM2-gene [20] . Thus, the divergent homogenous molecular profile may be attributable to the infections and their potential role in tumor genesis, despite the identical microscopic appearance of all tumors. The Venn diagram (Fig. 4) , illustrating the variety of and yet overlapping mutation patterns among the different tumors (Table 3) was drawn using an online tool (http:// bioinformatics.psb.ugent.be/webtools/Venn/). cfDNA analysis cfDNA concentration was higher in all CSF-than in the corresponding plasma-samples (fluorometric Figure S3 ). Extraction was not feasible in the first two samples prior to the change in cfDNA extraction kits. ctDNA was detected in all samples from patients with confirmed tumor and feasible cfDNA-extraction (n = 3). CSF-derived cfDNA was almost exclusively of tumoral origin with only small portions of tumor-derived cfDNA in the plasma as indicated by the MAF (Table 2, Fig. 6 ).
The two cases (40%), in which cfDNA could neither be detected in blood nor in CSF, were pretreated with a different kit for DNA extraction as described above, which had internally proven to not be optimal for this purpose in other unrelated cases. Because no cfDNA could be detected, a failure of the kit is assumed, despite a report by Wang et al. describing the possible influence of a tumor's location within the CNS on ctDNA Note that this diagram shows the mutated genes. Therefore, the total number differs from Table 2 , which shows all somatic mutations (2 independent mutations may occur within the same gene). Large copy number aberrations (CNAs) were not analyzed genome-wide, as the design of the NGS panel is optimized for the detection of single nucleotide variants (SNVs) and small copy number aberrations. All genes are listed in Table 3 , their details are listed in the supplement (Additional file 1). Patients 2 and 6 were excluded from this diagram: The lymphoma sample #2 shows a divergent somatic mutation pattern (only 1 somatic mutation in MDM2) than the 4 other lymphomas and patient 6 had no somatic mutations at all, which is in accordance with the histopathologic diagnosis of absent malignancy. The mean coverage was >1000x in all tumor samples (ultra-deep sequencing) detection in CSF (e.g. tumors completely surrounded by parenchyma) [21] . In these particular two cases, tumors did show a different contrast enhancement (less homogenous) indicating a different breakdown of the blood-brain barrier/tumor perfusion, yet all tumors were in contact with the CSF space.
Required input material and time for analysis
For the present investigation 20 ml whole blood (10 ml EDTA tube, 10 ml Cell-Free DNA BCT® Tubes (Streck, Omaha, NE, USA)) and 1-4 ml CSF were used, yielding 3-4 ml of blood and 0.9-2.7 ml of CSF after pretreatment. The exact amount of extracted cfDNA is displayed in Fig. 5 . The amount of CSF varied, because no study specific-CSF drawings were performed, only material left from routine diagnostics was used. When planning the study and beginning the analysis we were not aware of the amount of required cfDNA necessary for detection of relevant mutations and their respective concentration, thus all material was used for resources, overall analysis currently takes 3 weeks, aiming at 2 weeks.
Discussion
Personalized approaches are advancing in oncology and therapies are adapted to the genetic profile of each tumor. Targeted therapies, aiming at specific mutations, have greatly improved treatment and survival in some cancers [22, 23] . Kinugasa et al. were able to perform K-ras genotyping in pancreatic cancer from plasma cfDNA, which had a significant impact on the prognosis [24] . Diaz et al. and Gray et al. detected mutations causing targeted-therapy resistance even prior to apparent disease progression [25, 26] . Furthermore, the genetic variance has become important for estimating prognosis and evaluating patients' risk-benefit-profile for standard treatment (e.g. gliomas [27] ).
New NGS-technologies allow the detection of a great variety of somatic mutations instead of just screening for known "hotspot"-mutations [28] , improving survival without adding to the financial burden in cancer care [29] . But the acquisition of input material is often associated with biopsies and their inherent risk of surgical complications, which can be especially devastating in cerebral malignancies. Therefore new approaches to detect specific, targetable mutations and improve surveillance for central nervous system malignancies prior to visible progression as described for colorectal cancer [25] and melanoma [26] are desirable. Already several molecular markers and circulating proteins have been identified using peripheral blood samples in patients with primary brain tumors [10] [11] [12] . Even though with the standardized NGS-procedures the respective MAF should exceed 5% to allow robust variant detection. Thus the blood-brain barrier may hinder detection of the required amount of ctDNA in plasma as indicated by our results, which are in accordance with others [10, 13] . However, sequencing of CSF-derived cfDNA could yield therapeutically useful results, as the respective cfDNA is almost exclusively of tumoral origin. Thereby one of the limitations encountered in the analysis of tissue biopsies can be overcome, because with tissue biopsies, only DNA from small parts of a genetically heterogeneous tumor are evaluated while circulating DNA is derived from multiple parts of the tumor. Novel NGS library preparations lowered the amount of required DNA input material to ≤10 ng, which should enable NGS-analysis of cfDNA without needing large CSF-quantities. This study was intended to prove that tumor-specific mutations can be detected applying the protocol outlined above. In future studies, it is now possible to investigate whether NGS panel sequencing is feasible using this approach. A specific mutation had to be selected to allow interpretation of the results. Applying a broad approach using panel diagnostics from the beginning with the potential for negative results may have led to the assumption that cfDNA is not detectable at all. Alternatively, designing an assay targeting the most commonly affected genes should be feasible. In accordance with our findings, the majority of samples in the cosmic database positive for PIM1 were also MYD88 positive [18] , therefore these two could serve as a basis for an assay. But as shown by Fontanilles et al., using a targeted panel, in only 32% of cases somatic mutations were detected in ctDNA, yielding a sensitivity of 24% for analysis of plasma of CNSL patients [30] underlining the superiority of ctDNA derived from CNS and broad panel analysis.
An interesting finding in this small cohort was patient #2, which highlights the importance genetic analysis may have in general when planning tumor treatment and discussing prognosis. All tumors were classified as B-cell lymphomas without any specification as to their origination. But the divergent homogenous molecular profile of patient #2's tumor may be attributable to the infections (HIV and EBV) and their potential role in tumor genesis. Unfortunately, the patient died from a deep-seated bleeding after biopsy not amenable to surgery, thus whether the response to treatment would have been different cannot be reported.
Despite the possibilities in other entities [8] , diagnosing CNSL based on their genetic profile from ctDNA alone applying this minimally invasive approach with less procedural risks compared to needle biopsies, is not possible, yet. To date, too little is known about CNSL's genetic profile in general, even though several mutations, which have also been identified in this study, have been described before [18, [30] [31] [32] [33] [34] . One study has already demonstrated that CNSL could be differentiated from glioblastoma based on analysis of ctDNA [30] .
Nonetheless, knowing a tumor's mutation-pattern may alter its treatment by omitting evidently ineffective or adding specific therapies, such as targeted / immunologic approaches, as in other cancers [35] . In Table 3 , mutations identified in this small cohort amenable to targeted therapies, those altering response to treatment and mutations prohibiting certain targeted therapies are highlighted. For example, certain MYC, TP53 and IDH mutations in various tumors are investigated as targets for specific treatments [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . But despite increasing reports on possible therapies, currently, they should be discussed in interdisciplinary molecular tumor boards to consider previous treatments and the patient-specific mutation profile in the decision-making process, since different mutations in one gene may have different biological effects (e.g. activating vs. inhibiting).
Additionally, targeted therapies do not yet comprise standard treatments in most tumors and are therefore often off-label.
Furthermore, repetitive ctDNA-evaluation aiming at tumor-specific somatic mutations could aid in treatment surveillance in central nervous system tumors.
Limitations
With only a small number of cases evaluated in this feasibility investigation, the conclusions, as well as future outlooks, have to be interpreted with caution. Future research is needed to identify lymphoma-specific mutational patterns as has been possible for glioblastoma in recent years [51, 52] and to test feasibility for other entities such as metastasis and brain stem gliomas. Knowing about required input material now, future investigations should also focus on investigating the feasibility of panel analyses to detect a broader spectrum of possible treatment relevant mutations. To guide future studies on this topic, we determined a sample size of > 3 to yield statistically reliable results of comparisons of tumor content between plasma and CSF, as well as a sample size > 6 for comparisons of concentrations of cfDNA, based on the measured fractions of ctDNA in this investigation (α = 0.001, β = 0.004, power = 0.996). The superiority of CSF in detecting ctDNA could thus be assumed. Being aware of the difficulties next generation sequencing imposes on statistical analysis (e.g. multiple testing) [16, 17] , we have focused on tumor content and ctDNA concentration in general in our sample size determination and not on detection of changes in specific genes due to the heterogeneity of affected genes in this small study sample.
Conclusion
Analysis of cfDNA from CSF in central nervous system tumors is feasible. Despite the blood-brain barrier, small amounts of ctDNA could be detected in the plasma, but are insufficient for reliable diagnostics. This investigation provides evidence that molecular characterization of CNSL can be achieved by analysis of CSF-derived cfDNA, but further investigations are necessary. Knowing a tumor's specific mutation pattern can aid in treatment planning and surveillance. tory investigations. We thank Prof. Sorin Armeanu-Ebinger and Dr. Marion
Klaumünzer for their support in evaluating the possible therapeutic relevance of mutated genes (Table 3) .
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